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from a variety of solvents to probe directly the film microstructure and how it depends on process- 
ing conditions. We estimate the exciton bandwidth and the percentage of the film composed of 

aggregates quantitatively using a weakly interacting H-aggregate model. This provides a descrip- 
tion of the degree and quality of crystallites within the film and is in turn correlated with thin-film 
field-effect transistor characteristics. 
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In thin films, regioregular poly(3-hexylthiophene) (rrPSHT) self-organizes into two- 
dimensional TT-stacked lamellar structures [H [2]. The degree of order within and around 
these supramolecular structures depends sensitively on polymer characteristics and thin 
film processing conditions [1, 3J. These in turn greatly affect device performance. Here we 
use linear absorption spectroscopy as a simple probe of how thin film microstructure varies 
with processing conditions. The absorption spectrum of rrPSHT thin films can be compre- 
hensively explained using a weakly interacting H-aggregate model [H [5l [6] . This model can 
be used to dissect the absorption spectrum, providing quantitative estimates not only of 
the fraction of the film made up of aggregates (recently determined using different methods 
[3 IE]), but also the degree of excitonic coupling within the aggregates, a parameter which 
is related to average conjugation length and the crystalline quality. Using this information, 
we obtain an overall description of the microstructure of the films, which we find to be well 
correlated with thin-film field effect transistor (FET) characteristics. 

rrPSHT (Flextronics and Merck) was dissolved in various solvents (Aldrich) at a concen- 
tration of lOgL^^ and spin-coated onto either fused silica spectrocil B or patterned FET 
substrates. The films were annealed at 100°C for 1 hr. The FET-patterned substrates were 
fabricated in a bottom gate, bottom-contact configuration. The gate electrode was a heavily 
n-doped Si wafer with 200 nm thermally grown Si02 as dielectric. A Au layer of 15-20 nm 
was patterned on the substrates as source/drain electrodes with a channel length of 20 /xm by 
conventional photolithography. The channel widths were 1 cm. The patterned substrates 
were treated with hexamethyldisilazane (HMDS). All processing, and I-V measurements 
were performed in a N2 atmosphere. Absorption measurements were performed in ambient 
conditions using a HP 8453 uv-vis spectrometer and tapping-mode atomic force microscopy 
(AFM) measurements were taken using a Digital Instruments Dimension 3100 AFM. 

The absorbance spectra of rrP3HT thin films spun from various solvents are shown in 
Fig. [l](a). The film absorption spectrum is composed of two parts [B], a lower energy, 
dominant part from crystalline regions of the film which form weakly interacting H-aggregate 
states and a higher energy part due to more disordered chains which form intrachain states. 
The ratio of the 0-0 and 0-1 peak absorbance is related to the exciton bandwidth of the 
aggregates, W , and the energy of the main oscillator coupled to the electronic transition. 
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Ep, by the following expression (assuming a Huang- Rhys factor of 1 IH E]): 



Ao-o / 1 - 0.2m/ Ep 
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Ao-i ' \i + om3W/Epj ■ 

Using the 0-0/0-1 ratio from Fig. [T| and assuming the C=C symmetric stretch at 0.18 eV 
dominates the coupling to the electronic transition [9], W can be estimated. Assuming 
similar interchain order in the films, W is related to the conjugation length and mtrachain 
order. An increase in conjugation length and order will lead to a decrease in W [TOl ITT| [T2]. 
W is shown in part (b) of Fig. [T]as a function of solvent boiling point (bp). Also shown in the 
figure is the percentage of the film made up of aggregates. This is found by determining first 
the relative oscillator strength of the aggregated species compared with the intrachain species 
and second, the percentage of the absorption spectrum made up of aggregate absorption. 

The relative oscillator strength of the aggregated versus intrachain species is determined 
by examining the absorption spectrum of a l%wt solution as a function of temperature 
(Fig. 1 of Ref. |6]). The isosbestic point demonstrates that the reduction in the number 
of chains in the amorphous phase is equal to the increase in the number of chains in the 
aggregated phase. Therefore, the increase in oscillator strength going from the amorphous 
to the aggregated phase can be calculated (see supplementary information) and is found to 
be 39 ± 10%. 

The fraction of the spectrum made up of aggregate absorption is determined using a 
modified Frank-Condon fit to the absorption spectrum, which takes into account the H- 
aggregate nature of the state (Ref. [3]), 

/ -Sqm\ / Wp-^ \^ 
A^J2( n Tihco-Eo-o-mEp). (2) 

The vibrational level is denoted m and Gm is a constant that depends on m according to 
Gm = S„(^m)A^"/n!(n — m), where the sum is over vibrational states, n [5]. For simphcity 
we used a Gaussian lineshape, F, with the same width for each vibronic transition. Fig. [T]^a) 
shows a sample fit for the film spun from mesitylene. Note that in Eq. [2] we have omitted 
second order corrections to the vibrational peak frequencies [5]. 

As a general trend. Fig. [l] (b) demonstrates that films spun from low bp solvents, such 
as chloroform, exhibit larger W and hence shorter conjugation lengths (lower crystalline 
quality), while those from higher bp solvents show lower W with correspondingly longer 
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conjugation lengths (higher crystalhne quahty). Furthermore, films spun from low bp sol- 
vents have a lower proportion of crystalline aggregated regions compared with those spun 
from high bp solvents, as expected [13]. 

To verify that the changes in the spectra are microstructural in origin, we have studied 
the morphology of the films using AFM. Fig. [2] shows AFM images of films spun from 
various solvents. The films spun from high bp solvents show rough surfaces (isodurene 
film root-mean-square (rms) roughness 5.7 nm), while those spun from low bp solvents are 
smoother (chloroform film rms roughness 0.95 nm). The roughness is due to the formation 
of micro-structures |31 13 El ESI E] • 

We therefore find that films with increased average conjugation lengths, order and per- 
centage of crystalline structures, as predicted from the absorption spectra, demonstrate 
morphologies with micro-crystalline structures. Those with an increased percentage of disor- 
dered regions in the film demonstrate amorphous films. The absorption spectrum is therefore 
a useful and easy-to-measure tool to determine film micro-structure. 

Transfer curves and plots of mobility versus gate-voltage (V^) of transistors spun from 
a variety of solvents are shown in Fig.s [S] (a) and (b), respectively. Using a linear fit of 
the forward sweep of the mobility, from Vg=-10 to -40 V, we estimated how the slope of 
the mobility versus Vg changes as a function of solvent bp. This is shown in Fig. |3] (c) (left 
axis). Also plotted is the free exciton bandwidth, W (right axis), reproduced from Fig. [T](c). 
There is an excellent correlation between W, obtained from the absorbance spectra, and the 
degree to which the mobility is Vg-dependent. Changes in slope of the mobility versus 
as a function of solvent bp have previously been noted [H] and have been explained in the 
context of the multiple trapping and release model [151 US US E]- The model assumes 
a large concentration of localized states below the mobility edge. At low Vg, most of the 
charges fill the localized states (traps) and the mobility is low. As increases more of 
the traps are filled as the Fermi level moves closer to the mobility edge. More charges 
can be released to the extended, mobile states which leads to an increase in the effective 
mobility. At sufficiently high V^, all of the traps are filled and any additional charges are 
injected into the extended states. Once this occurs, the mobility is constant with V^. The 
degree to which the mobility is a function of is thus dependent on the width of the 
localized density of states below the mobility edge. Shallow trap distributions will result in 
a weakly V^-dependent mobility, while wider trap distributions will result in a pronounced 



4 



Vg-dependence. From Fig. [3]we can therefore deduce that, for example, the device spun from 
isodurene has a shallow distribution of traps, while that spun from chloroform has a wide 
trap distribution. There is a clear correlation between the crystalline quality, as determined 
from the absorbance spectrum, and the width of the trap distribution. 

We note however, that if we assume that there is no change in spatial disorder between 
hopping sites, we would expect devices with wider trap distributions to have correspond- 
ingly lower mobilities. Fig. |3] (b) shows that this is not the case. The reason for this is 
unclear from our absorption spectra analysis, probably due to the fact that the absorbance 
spectra provides a measure of the bulk film microstructure, while properties at interfaces 
are often important, especially in FETs where transport occurs in a narrow region close to 
the dielectric/semiconductor interface [T9| [20]. 

Nevertheless, we have demonstrated that the absorbance spectrum by itself, can be used 
as a simple yet powerful probe of thin film excitonic coupling, intrachain order and fraction 
of crystalline regions within the film. Furthermore, it can be used to predict the relative 
distribution of trap states below the mobility edge in FETs, providing evidence that the 
quality of the crystallites is homogeneous throughout the film and does not change between 
the bulk and the interface. Therefore, linear absorption spectroscopy is a usefully simple 
tool to determine bulk film microstructure and this knowledge will help understanding of 
device characteristics in a variety of optoelectronic devices [7]. 
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Figure 1: (a) Normalized Absorbance spectra taken on films spun from different solvents. A sample 
fit is also shown, (b) Exciton bandwidth, W (open black circles), left axis and percentage of film 
made up of aggregates (full red circles), right axis. (TCB is 1,2,4 tri-chlorobenzene). 
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Figure 2: Tapping mode atomic force microscopy (AFM) images of films spun from (a) chloroform, 
(b) xylene, (c) isodurene (IsoD) and (d) 1,2,4 tri-chlorobenzene (TCB). Images are 5x5 ^m. Insets 
are 0.5x0.5 //m. Height-scales (z) are marked in the figure. 
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Figure 3: Linear regime (V^s=-5 V) (a) transfer characteristics and (b) mobility as a function of gate 
voltage for films spun from different solvents (TCB mobility is divided by 10 for easier comparison), 
(c) Inverse slope of mobility versus (left axis, red squares) and free exciton bandwidth, W (right 
axis, black open circles) as a function of solvent boiling point. 
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